to the performance characteristics of an immunoassay, a key feature of many assays is the use of a solid phase to which is coupled either the antibody or antigen, depending on the style of assay. The solid phase facilitates the separation and washing steps required to differentiate bound and free fractions of the label. The other important feature of an immunoassay is the choice of label; the first assays used radioisotopes as labels and many assays still use this approach today. However, the advent of fluorescent [3, 4] , luminescent [5] , light-scattering /6, 7] , and particularly enzyme labels [8, 9] has led to an explosion in the techniques available [10] . For many of the nonisotopic labels, the reagents have been designed such that binding of labeled antigen to antibody in some way modulates the "activity" of the label, resulting in a homogeneous immunoassay without the need for a separation step. The use of nonisotopic labels has also facilitated the extension of the analytical range of assays by virtue of lower detection limits, successful automation of heterogeneous assays, and the development of encapsulated disposable devices that require only addition of sample (and maybe a buffer) to initiate the reaction [11] . All these developments have led to an increase in the utility of assays, higher and faster throughput as a result of automation, and the possibility of immunoassays being performed close to the patient, i.e., at the bedside. The advent of biosensor technology, with the possibility of direct monitoring of immuno reactions, provides opportunity to gain new insight into antigen-antibody reaction kinetics and to create rapid assay devices having wide applications.
Biosensor Technology A biosensor has two major components: a biological detector or sensor molecule, and a signal transducer that provides an indication (or signal) that the ligand has bound to the receptor (sensor) molecule (Fig. 1) . A variety of receptor molecules can be used, including enzyme, antibody, affinity ligand (e.g., lectin), receptor, peptide, oligonucleotide, organelle, organism, or tissue slice [12] . The transducer converts these properties into a quantifiable and processable electrical signal, in response to changes in the concentration of the biomolecule.
Transducer system
Ion-selective electrodes (ISE) several such biosensors have been described for measurement of glucose [13] . Fewer examples of immunosensors, both in principle or application, have been described, but the burgeoning literature in this field clearly marks it as a fertile area for development.
The term biosensor has been used here fairly literally and includes what could be described as direct and indirect sensors. For the purpose of this review, a direct biosensor is one in which there is direct detection of the antigen-antibody reaction in real time, with or without the use of a label; this is a true biosensor.
An indirect biosensor is one in which a preliminary "biological" reaction takes place in a reaction tube and the products of that reaction are detected with a sensor; this is not a biosensor in our view and will not be considered in detail in this review. Four main types of transducer have been used in biosensor technology; these exploit changes in electrochemical (potentio- was based on the measurement of the change in potential when either antibody or antigen bound to its specific partner, which was immobilized on the electrode. Later studies showed that the poor sensitivity of this system was due to nonspecific binding, and it had little success. The development of ion-selective electrodes (ISE), in which ions present in the sample become selectively bound to the surface of the sensor and set up a charge separation between the sample and sensor surface, has proved successful (see Fig. 2 [87]. Later, the enzymes were immobilized on nylon coils and the system was linked to flow-injection or bubble analyzers [88] . In an effort to reduce the size of the device, fiber-optic technology was then introduced; the reagent phase was immobilized on a single optical fiber or a fiber bundle [89] , so that changes in the optical properties of the reagent phase attributable to the analyte could be monitored. These devices, now known as optrodes [90] , have been widely used and offer several advantages over electrodes, including the lack of a requirement for a reference electrode [91] . [101, 102] . Chemiluminescence systems include the luminol-peroxide system, which has been applied to many oxidase reactions involving hydrogen peroxide production [103] . Chemiluminescence adapted for fiberoptic immunosensors has facilitated the determination of various antigens, e.g., estradiol, a,-interferon, hCG, total IgG, and antibodies to influenza virus [104, 105] . Problems associated with luminescence sensors include reagent replenishment:
For irreversible oxidation of substrate to take place, the luminescent compound must be available in excess. This can be arranged by immobilizing the enzyme onto an optical fiber, and loosely embedding coreactants for their slow release. As described above, fiber-optic sensors do not have to contain large volumes to sustain an adequate operation time, so their size can be minimized. DIRECT [106] . In these systems, light entering the device is directed towards the sensing surface and then reflected back out again. The light emerging from the device is then monitored, revealing information regarding the physical events occurring at the sensing surface. The principles behind direct optical sensing lie in internal reflectance spectroscopy, which was reported in the late 1960s and early 1970s [107, 108] . This device consists of two materials of differing RI: a layer of high RI, often consisting of a glass prism, and a layer of lower RI that contains the sample (Fig. 5) . A light beam is directed through the layer of higher RI to the interface between the two media. When the angle of the incident beam exceeds the critical angle, the light is totally internally reflected back out of the device. In the material of lower RI, a high-frequency electromagnetic field is generated, known as the evanescent wave [93] . This wave, a fraction of the wavelength of the incident light, advances along the x-axis in the plane of incidence, and penetrates into the sample medium (i.e., along the y-axis) for a short distance (approximately one wave- Light is directed towards a layer of low RI from one of higher RI; at an angle equal to or greater than the critical angle, the light undergoes total internal reflection (TIR). As an alternative to light intensity, the optical interaction can also be monitored as a change in the phase of polarized light emerging from the sensing layer. This property has been successfully applied in several waveguide sensors.
Direct optical sensing has an advantage over indirect techniques, in that less-sophisticated instrumentation is required for detection of light, but problems have been encountered with nonspecific binding and poor sensitivity to small molecules. In some cases, therefore, the best features of both techniques have been combined to improve sensitivity, e.g., the use of SPR with fluorescent labels [109] and latex particles [110] . Light directed into the waveguide generates an evanescent wave at the sensing surface and causes direct excitation of the fluorophore. On its exit from the device, light passes through an aperture so that only the light arising from the bound fluorophore is detected.
nosensors that monitor fluorescence have been developed to detect light emitted from a fluorescence-labeled antibody bound to the antigen of interest at the surface of the device; in one demonstration, detection limits of 1.5 and 3.0 mgfL for IgG were achieved with fiber-optic and slide waveguides, respectively, and 2.7 X l0-molIL for methotrexate with use of a slide waveguide [92] . More recently, a flow inununosensor has been designed to detect cocaine in aqueous samples; relying on the displacement of fluorescencelabeled antigen from immobilized antibody, this device produces results in <1 mm with negligible cross-reactivity with other drugs [113] . Another example of a fluorescence-detecting immunosensor is the fluorescence capillary fill device (FCFD), a planar evanescent system (Fig. 6) (114] . In the FCFD, two parallel glass plates are held at 0.1 mm apart. All the reagents needed for the immunoassay are contained within the device-either covalently coupled to the lower plate, which functions as an optical waveguide, or dosed onto the upper plate in such a way as to dissolve in the presence of sample. Because samples enter the FCFD by capillarity, wave at the sensing surface, and the fluorophore becomes excited. On leaving the surface of the waveguide, light passes through an aperture and onto a photodetector, which monitors the intensity of light emitted by the fluorescence-labeled antigen. The aperture functions to reject the solution signal from the unbound fluorophore, which emerges at a different angle, and thus allows only the signal of the bound fluorophore into the path of the photodetector. The narrow gap separating the two plates of the FCFD also allows for fast assay times by requiring the reagents to diffuse over only a short distance. Thus, rates of reaction of assays performed by this device are limited by kinetics of antibody-antigen binding, not kinetics of diffusion. As an example, an assay for estrone-3- 
Ellipsoinetry.
In ellipsometry, the change in the state of polarization of light caused by reflection from a planar layered structure is monitored [94, 122, 123] . This method generated little interest for many years after the first observations, and miniaturization and low-cost fabrication were thought to be unfeasible for this technology [14] . However, ellipsometry has become more popular, particularly for studying the binding of proteins to surfaces [124] . Once reflected from a mirrored surface, the polarized light is interrogated so as to produce two readings; these are subsequently converted into changes in amplitude and in phase of light, respectively [125] ; it differs from that of the previously described IRS set-up by the incorporation of an additional layer of a thin metal film between the prism and sample (see Fig. 5 ) [132] . The metal film characteristic of SPR usually consists of gold or silver. Specific ligands can be immobilized at the upper surface of the device (the sensor surface), to interact directly with biomolecules in the sample. SPR technology is based on the excitation of surface plasmons present within the metal film of the sensor. Surface plasmons are electrons at the surface of a metal (such as gold or silver) that behave differently from those in the bulk of the metal. This phenomenon is rather like surface tension, in which the bonding between molecules at the surface of a liquid is different from that of molecules in the bulk solution.
Of the two types of plasmons-radiative and nonradiative-the latter is more commonly used for biosensor applications. Nonradiative plasmons are excited by light directed towards the metal film via a glass prism. When excited, the surface plasmons, which oscillate at a different frequency from that in the bulk of the metal film, absorb some of the light energy to generate an evanescent wave. This wave penetrates into the sample layer with exponentially decreasing amplitude, the condition known as SPR. In the SPR system, polarized light is directed in one plane into the prism, which is of higher RI than the metal layer. When the angle of reflection of light is greater than or equal to the critical angle, light is totally internally reflected back out of the prism. At the resonance angle (0), SPR is initiated; the absorption of light energy by the surface plasmons during resonance causes a sharp decrease in the intensity of the reflected light, which is monitored throughout the biomolecular interaction. [146] .
A recent advance in SPR immunosensing is the incorporation of labels to increase sensitivity. The combination of fluorescent labeling with SPR to produce an SPR fluoroimmunoassay has successfully been used to assay hCG in serum /147] . Latex particles have been used to enhance the sensitivity of an assay for detection of antigen known as the Enhanced Surface Plasmon Resonance Inhibition Test (ESPRJT) [148] . This test consists of two steps, an inhibition step and an enhancement step. In the inhibition step, antibody is mixed with a known concentration of free antigen at the SPR sensor surface, to which antigen has already been immobilized.
Free antigen inhibits antibody binding to the antigen-coated surface, and increasing concentrations of free antigen will therefore proportionally reduce the SPR signal. In the second step, latex particles coated with antigen are introduced; these bind to the antibody at the sensor surface and thus enhance the SPR signal. In this way the detection of antigens is independent of their molecular mass, which raises the possibility of sensing small-molecular-mass molecules (<5 kDa) in low concentrations.
Waveguides. There is a strong similarity between waveguide and SPR systems; in both, an evanescent wave is generated at the surface of the device. In SPR, surface plasmons in the metal layer become excited; in waveguides, the light wave itself is excited in a dielectric layer. The phenomenon of dielectrics, which has been widely exploited in immunosensor design, is described elsewhere [149] . Waveguides consist of a high-RI dielectric film sandwiched between two dielectric materials of lower RI [150] . The choice of materials to use when construct- Fiber-optic waveguides are composed of a high-RI cylindrical core surrounded by a lower-RI cladding.
Light directed towards the tip of the fiber undergoes total internal reflectance at the interface between the core and the sample medium An evanescent wave is generated here, which interacts with biomolecules adsorbed to the immobilized ligand. The reflected light signal is monitored once it has returned to the cladded region of the fiber ing a waveguide is important; commonly used are glass, silicon, Light is directed towards the tip of the fiber and undergoes total internal reflection at the interface between the core and sample medium, setting up an evanescent wave. Binding or absorption takes place between immobilized biomolecules and sample analyte within the evanescent field at the uncladded surface of the fiber. This reaction can be monitored by measuring the reflected light signal once it has returned from the uncladded region of the fiber into the cladded region. Fiber-optic waveguides have been successfully developed for immunosensors [154] and can be used to monitor the fluorescence signal generated in an immunoassay [155] , as demonstrated recently by a cocaine-detecting fiber-optic immunosensor [156] and colonmetric measurements [157] . Optical fiber-based immunosensors have proved particularly useful for analyzing environmental and clinical samples that contain hazardous materials [158, 159] [163] . In this system, light enters the device at a specific angle and is reflected backwards and forwards (by total internal reflection) several times between two mirrors situated at either end; each time light is reflected, some couples out of the interferometer. The light beams that emerge interfere with each other to form a characteristic wave pattern. Some interferometers, such as the Mach-Zehnder interferometer [164] , split the input light beam into two partial waves: the electric and magnetic fields (TE and TM, respectively) of a single polarized light wave (Fig. 8) . In the MachZehnder interferometer, the two components are reflected Grating couplers. The incorporation of a grating coupler-a series of fine corrugations etched into the waveguide surfaceinto an optical waveguide to produce an RI-detecting sensor was first proposed by Tiefenthaler and Lukosz ( Fig. 9 [1691) . This device monitors the coupling angle of either the input laser beam (the input grating coupler) [170, 171] or the output beam (the output grating coupler) [172, 173] , either of which is proportional to the RI within the evanescent field at the surface of the device. The grating coupler is situated between a substrate layer of low RI (usually glass, RI = 1.64) and a waveguiding film of higher RI (Si02-TiO,, RI = 1.75-1.82). Polarized light enters the device, and the grating causes light to couple in and out of the waveguide, thus setting up an evanescent wave at the waveguide-sample interface. The large difference in RI between the waveguiding layer and the substrate layer (>0.2) results in a large evanescent field, thereby increasing the activity towards RI changes at the surface.
JO grating couplers are commercially available for chemical [174] , biochemical [170] , and gas sensing [175] . The use of grating couplers as immunosensors in pesticide detection has also been reported [176] .
SPR and interferometry.
The lAsys system [177] , mentioned earlier, presents a novel form of optical biosensor, combining the technology of waveguides such as the difference interferom-
INPUT GRATING COUPLER:
OUTPUT GRATING COUPLER: eter with that of SPR. It is similar to the SPR system in structure, but the metal layer is replaced by a dielectric resonant layer of high RI (Fig. 10 ). This layer, typically composed of titanium (RI = -2), is separated from the glass prism (RI = 1.64) by a low-RI coupling layer of silica (RI = 1.46) thin enough to allow light to couple into the resonant layer via the evanescent field. These modifications produce a "sandwich" of three layers (high-low-high RI), on top of which is a layer of dextran for immobilization of the appropriate ligand. At the interface between the prism and the coupling layer, an incident beam of laser light (directed at an angle >0) undergoes total internal reflection. When the resonance angle (0) is reached, a fraction of this light couples into the coupling layer and is directed towards the resonant layer via the evanescent field. At the interface with the sample (of lower RI), total internal reflection takes place again and sets up another evanescent wave, which decays exponentially into the sample. This is the resonance condition. The wave propagates along this surface by 1 mm before coupling back out of the device. Whereas in the SPR system resonance is observed as a decrease in the reflected light intensity, almost no change in the intensity of the reflected light occurs in the lAsys. However, as in all waveguide devices in which both TE and TM polarizations of light are monitored (e.g., the difference interferometer), there is a change in the phase of the reflected light at resonance, and this is the property utilized in this system [178] . passes through a low-RI coupling layer, then couples into a resonant layer of higher RI, generating an evanescent wave at the interface with the sample layer that propagates some distance along the surface before coupling back out of the device.
Both TE and TM polarizations of light are detected, but unlike SPR there is no decrease in the intensity of the reflected light and the angle of incidence is monitored.
TIR, total internal reflection.
and resemble sine waves (see Fig. 8 Table 3 gives an overview of the sensing systems that have been demonstrated with a sample derived from a biological matrix, i.e., serum on whole blood. The most sensitive (i.e., lowest detection limit) is of the order of 2 x 10-13 mol/L for hepatitis B surface antigen in serum [167] 
